PUBLISHING PTE. LTD.

REVIEW ARTICLE

Collagen as Bioink for Bioprinting: A Comprehensive
Review

Egor Olegovich Osidak'?*, Vadim Igorevich Kozhukhov?3, Mariya Sergeevna Osidak!,
Sergey Petrovich Domogatsky**

Tmtek Ltd., 3" Cherepkovskaya 15A, Moscow, Russia

’Gamaleya Research Institute of Epidemiology and Microbiology Federal State Budgetary Institution, Ministry of Health of
the Russian Federation, Gamalei 18, Moscow, Russia

*Russian Cardiology Research and Production Center Federal State Budgetary Institution, Ministry of Health of the Russian
Federation, 3 Cherepkovskaya 15A, Moscow, Russia

Abstract: Biomaterials made using collagen are successfully used as a three-dimensional (3D) substrate for cell culture and
considered to be promising scaffolds for creating artificial tissues. An important task that arises for engineering such materials
is the simulation of physical and morphological properties of tissues, which must be restored or replaced. Modern additive
technologies, including 3D bioprinting, can be applied to successfully solve this task. This review provides the latest evidence
on advances of 3D bioprinting with collagen in the field of tissue engineering. It contains modern approaches for printing pure
collagen bioinks consisting only of collagen and cells, as well as the obtained results from the use of pure collagen bioinks in
different fields of tissue engineering.

Keywords: Collagen, Three-dimensional bioprinting, Tissue engineering, Cell-laden hydrogels

*Corresponding Author: Egor Olegovich Osidak, Gamaleya Research Institute of Epidemiology and Microbiology Federal State Budgetary

Institution, Ministry of Health of the Russian Federation, Gamalei 18, Moscow, Russia; OsidakEgor egorosidak@gmail.com

Received: March 02, 2020; Accepted: March 16, 2020; Published Online: April 21, 2020

(This article belongs to the Special Section: Bioprinting in Russia)

Citation: Osidak EO, Kozhukhov VI, Osidak MS, et al., 2020, Collagen as Bioink for Bioprinting: A Comprehensive Review.
Int J Bioprint, 6(3): 270. DOI: 10.18063/ijb.v6i3.270.

1 Introduction patient into account at the same time!?!. Moreover,
the use of this technology allows building complex
structures that are already colonized with cells at
the moment of bioprinting. Cell-laden hydrogels,
which are also called bioinks, are used to create
such structures®!.

Synthetic polymers, such as poly(ethylene

For the past few years, additive technologies,
including the technology of three-dimensional
(3D) bioprinting, have emerged into a rapidly
developing tissue engineering spherel'l. These
technologies allow creating layer-by-layer
assembled structures with a specific pore size and

porosity that promotes the restoration of defects of
soft or hard tissues. Another indisputable advantage
of the 3D bioprinting is that it allows creating
personalized implants for the specific needs of
a patient, taking the individual features of the

glycol), as well as native proteins, such as collagen,
canbeusedasastructural basis forsuchhydrogels®#.
Collagen-containing hydrogels are currently the
most popular cell scaffold and material for tissue
engineering, especially if working with cells is
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Bioprinting with collagen

intended™. Nevertheless, the most important thing
here is that materials created using 3D bioprinting
and collagen have very high chances of clinical
success in the future, because collagen biomaterials
have been already been actively and successfully
used in clinical practice for a long time. This is
possible due to the unique properties of collagen
— biocompatibility and low immunogenicity®’.
However, low immunogenicity of 3D constructs
can be achieved only with the use of high purity
collagen solutions without potential immunogenic
admixtures!®.. Thus, in this review, “collagen” will
be meant as a purified protein obtained through
extraction from collagen-containing tissues and
not a decellularized extracellular matrix of any
tissue or organ containing a large amount of
collagen®. The main barrier that prevents the
use of decellularized materials is immunological
rejection, which significantly limits the possibility
of clinical use of such materials.

Therefore, the purpose of this review is to
conduct a comprehensive study of the use of
collagen-based bioinks for 3D bioprinting in
various fields of tissue engineering. The review
covers topics such as general limitations and
advantages of collagen and collagen-based bioinks
used in different areas and the main approaches
for collagen-based bioinks 3D printing.

2 Pure collagen bioink: Printability aspects

As it was already noted before, soft biomaterials
loaded with living cells are called bioinksP!. The
basis of collagen bioink is a collagen hydrogel,
physical properties of which represent its
printability. The majority of collagen hydrogels
are produced from type I collagen, which makes up
around 90% of the protein mass in the connective
tissues of mammals®. Type I collagen belongs to
the group of fibril-forming collagens and consists
of three alpha-helices that form a triple-helical
structure!®!®,  Under physiological conditions
(neutral pH and 37°C), collagen molecules start
to self-organize into fibrils, and collagen solution
forms a hydrogel. The printability of collagen
bioink depends on the kinetics of this process — the
higher the speed, the higher is printing accuracy.

The majority of existing studies on 3D printing
and bioprinting using collagen specify the main
problem with collagen bioink — its low mechanical
properties®™!!l. All these studies were carried out
using collagen solutions of low concentration
— usually, not more than 5 mg/ml and rarely, 10
mg/ml'?, This problem refers to not only in
3D bioprinting but also other sections of tissue
engineering. More than 90% of known studies were
carried out using collagen hydrogels prepared from
solutions with not more than 10 mg/ml collagen®!.

One of the possible approaches to overcome
this limitation is the use of supportive hydrogels.
When using a supportive hydrogel for 3D
bioprinting with a collagen bioink, the whole
process occurs inside of the secondary hydrogel
(e.g., gelatin slurry), which in turn acts as
temporary thermo-reversible support (FRESH
technique — freeform reversible embedding of
suspended hydrogels)!*-'*l, On the one hand, this
method allows printing complex structures using
collagen solutions of low concentrations with a
polymerization period of 40 — 60 min. On the other
hand, gelatin from the supportive hydrogel can
diffuse inside the bioink during the polymerization
period. This, in turn, will lead to a final construct
that potentially contains gelatin. The effect of the
remaining FRESH gelatin in a final construct at
in vivo implantation is not fully studied.

Another approach to compensate for the low
mechanical properties of collagen hydrogels was
proposed by Diamantides et al.'%l. According to
their study, the best way to improve the printability
of collagen bioinks is to increase the storage
modulus of the ink before extrusion. This strategy
was described more accurately by Osidak et a/l.l'7],
it was shown that collagen bioinks with a much
greater storage modulus than loss modulus are
suitable for direct extrusion bioprinting.

The storage modulus of collagen solution
depends on the concentration of NaCl in the
solution!®, its temperature!'®, and on collagen
concentration!'”'*2%, The most effective method
to increase the storage modulus is to increase
the collagen concentration in a solution!'”.
Such highly concentrated collagen solutions of
80 mg/ml named Viscoll Bioink (viscous collagen
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bioink solution) are available on the market. When
mixed with a mammal cell suspension in a cultural
medium and then heated to 37°C, Viscoll bioink
quickly forms a stable cell-laden hydrogel. The
survival rate of NIH 3T3 cells as a part of rigid
collagen hydrogels was approximately 90% after
printing and after a week of in vitro cultivation.
Unfortunately, this is the only data on the behavior
of cells during cultivation inside rigid 3D collagen
hydrogels that are currently available.

3 Tissue engineering
collagen- based bioinks

applications  of

Due to the prevalence of collagen-based bioinks
with a low protein concentration usage in various
fields of tissue engineering, collagen is mixed with
various materials to improve the manufacturing
process and the final characteristics of the printed
construct?-??l. There are only few studies, where
collagen bioinks were used as a pure substance
without any additives. These works are listed below.

Currently, there are two general methods for
creating tissue-engineering designs — in vitro
bioprinting and in situ bioprinting. In the case of
in vitro bioprinting, the printing of design is carried
out in the laboratory environment. After printing,
the design is either implanted into a laboratory
animal or cultivated for a specific period for cell
behavior study. In the case of in sifu bioprinting,
printing is carried out directly onto the defective
area of a laboratory animal.

3.1 Skin

Koch et al.**! in their work have printed a construct
with the use of laser-assisted bioprinter onto the
surface of a supportive scaffold — decellularized
dermal matrix (Matriderm). The printing process
was carried out in two stages —20 layers of fibroblast
(murine NIH 3T3) were applied onto the surface,
which was followed by 20 layers of keratinocyte
(human HaCaT), embedded into collagen hydrogel
(3 mg/ml). As aresult, it was shown that a bi-layered
construct that generates dermis and epidermis has
been successfully created. After 10 days of cell
cultivation inside of the construct, the presence
of Connexin 43 in the epidermis, which showed

the ability to form gap junctions, was detected. In
another study of Koch et al.*¥, similar bi-layered
constructs were created in in vitro conditions
and then implanted in vivo, employing the dorsal
skin-fold chamber in nude mice. It was found that
fibroblasts can migrate into a supportive scaffold.
Moreover, it was noted that the presence of several
blood vessels in the wound bed could be observed
after 11 days of transplantation.

Shi et al® have printed six-layered cellular
structures using extrusion-based bioprinter. They
used three types of cells: Human melanocytes (HEM),
HaCat, and human dermal fibroblasts (HDF). As a
material for bioink, they used a mixture of GeIMA
and collagen. In addition, I-2959 photoinitiator and
tyrosinases were added to the obtained mixture. The
biocompatibility of created designs was evaluated
in vitro and in vivo through implantation of these
structures without cells into a full-thickness wound
model of Sprague-Dawley rat. The viability of these
three cell lines during 14 days of cultivation was
above 90%. In vivo tests have shown that healing
rates of the wound can be accelerated when treated
with the tyrosinase doped bioinks.

Another study worth noting was made up by
Yoon et al.'?. To create 3D skin substitutes, they
used pure (single-component) collagen bioinks.
Primary human epidermal keratinocytes (HEK) and
HDF were used to fabricate cell-laden 3D scaffolds.
Cell-laden 3D scaffolds were created through
extrusion bioprinting and were composed of four
layers. The top-level contained keratinocytes and
the other three layers had fibroblasts. According to
the results of the study, cell-laden 3D scaffolds in
a 1 x 1 cm? full-thickness excision mouse model
have successfully demonstrated their efficiency.
After 1 week, the damaged skin almost completely
and clearly regenerated. The hair follicles on the
wound bed also regenerated almost perfectly.

In the work of Skardal et al.*®!, amniotic fluid-
derived stem cells (AFSC) and mesenchymal
stem cells (MSC) were separately suspended in
the fibrinogen/collagen solution. They used a
bioprinter to directly print two layers of a fibrin-
collagen gel by depositing a layer of thrombin,
a layer of fibrinogen/collagen, another layer of
thrombin, another layer of fibrinogen/collagen,
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and the final layer of thrombin onto a full-thickness
skin wound (2 x 2 cm?). In 2 weeks, AFS-treated
mice showed an average of 3% of unclosed
wounds, whereas MSC-treated wounds showed
an average of 2%. These values were significantly
lower than those of mice treated with gel only,
which had an average of 13% of unclosed wounds.

Further development of this result was
continued by Albanna et al.?”), where excisional
wounds were bioprinted with layered autologous
dermal fibroblasts and epidermal keratinocytes in
afibrinogen/collagen carrier (25 mg/ml fibrinogen,
and 1.1 mg/ml collagen) in two different
models: Murine full-thickness wound model
(3 x 2.5 cm) and porcine full-thickness wound
model (10 x 10 cm). The obtained results showed
a rapid wound closure, reduced contraction, and
accelerated re-epithelialization.

3.2 Bone and cartilage

Native bone tissues can withstand heavy loads.
Therefore, 3D printed structures, ideally must
possess the same characteristics. In this case, to
strengthen 3D bioprinted structures, composite
materials are being actively used nowadays, for
example, a mixture of collagen with various types
of bioceramics!?-1,

Kim et al.® have introduced bioceramic-based
cell-printing technique and a cell-laden ceramic
structure. Using 3D bioprinting technology, they
created a cell-laden scaffold using a-tricalcium
phosphate (a-TCP) type I collagen and MC3T3-
El cells. First, they have printed a porous layer
consisting of micro-sized a-TCP/collagen struts
without cells, and then a cell-laden collagen
bioink was printed onto it. This procedure was
repeated several times to form a 3D porous cell-
laden ceramic scaffold. The elastic modulus of the
a-TCP/collagen scaffold was 550 kPa. However,
this value is much lower than the elastic modulus
of a real trabecular bone (around 20 MPa)B2.
Nevertheless, it was shown that the designed
scaffold demonstrated good cellular activities,
including metabolic activity and mineralization.

In the other work of Kim and Kim™!, 3-TCP,
type I collagen and MC3T3-E1 cells were used as
a bioink, and Genipin was used as a crosslinking

agent. With new materials, the elastic modulus
of printed structures was 5.94 MPa. The in vitro
evaluation of cellular responses (viability and
proliferation) was comparable to results obtained
in the pure cell-laden collagen.

Oneoftheearlieststudies oncartilagebioprinting
using pure collagen bioinks was carried out in
2016 when primary meniscal fibrochondrocytes
and high-density collagen hydrogels (from 10
to 20 mg/ml) were bioprinted®”. In that study,
the influence of collagen on several parameters,
including geometric fidelity, cell viability, and
mechanical properties of printed constructs, was
evaluated. The concentration of collagen gel had no
impact on cell viability, whereas the compressive
modulus of printed gels increased linearly with
an increase in collagen concentration. With
the highest printable concentration, the elastic
modulus of the printed structure reached 30 kPa.
These structures maintained cell viability and their
geometric fidelity for 10 days while being stored
in a culture medium. The geometric accuracy of
structures, printed with 15 mg/ml and 17.5 mg/ml
collagen solutions, was at 74 — 78%.

Shim et al have printed a construct
for osteochondral tissue regeneration in the
rabbit knee joint. Pure collagen bio-ink that
consisted of atelocollagen, human turbinate-
derived mesenchymal stromal cells (hTMSCs),
and recombinant human bone morphogenetic
protein-2 (thBMP-2), was printed into a
preprinted polycaprolactone (PCL) scaffold. The
prepared cylinder-shaped construct was 5 mm in
diameter and 5 mm in height, with a “subchondral
bone layer” (PCL, atelocollagen, hTMSCs, and
rhBMP-2) of 4 mm in thickness, and “superficial
cartilage layer” (Cucurbit[6]uril, hTMSCs, and
TGF-B) of 1 mm in thickness. This construct
was in vivo implanted onto the defective part of
the rabbit knee joint. Eight weeks later, it was
shown that the construct possessed a capability
for osteochondral regeneration. The adjacent
native cartilage maintained its structure without
any signs of degeneration. The newly regenerated
cartilage tissues smoothly integrated themselves
with ends of the host cartilage tissue. The
immunohistochemical analysis for collagen type
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IT (COL-II) and COL-X expression indicated that
zonal cartilage regeneration was reached.

An alternative approach was proposed by
Yang et al®**. In this work, to prepare the bioink,
collagen (15 mg/ml) was mixed with alginate
(sodium alginate SA/COL). Then, primary
chondrocytes isolated from articular cartilage
of new-born rats were added to the mixture. As
a comparison, two types of other bioinks were
used: Bioink made from agarose (AG) and bioink
made from a mixture of alginate and AG (SA/
AG). When comparing SA/COL with SA/AG and
SA, the proliferation and survival of chondrocytes
were significantly promoted in the case of SA/COL
bioinks. The expression of specific gene markers
of cartilage, including Sox9, Acan, and Col2al,
was also significantly higher in SA/COL group.

3.3 Cardiovascular tissues

In general, the research work on bioprinting for
cardiovascular tissue regeneration is focused on
myocardium, heart valves, and vasculature!®>,

Maxson et al."" have demonstrated the potential
of the use of the highly concentrated type I collagen
hydrogel for the heart valve bioprinting. In addition
to collagen, the bioink contained rat MSCs. With
this bioink, Maxson et al. managed to print collagen
disks of 1 mm in thickness and 28 mm in diameter
onto a FRESH slurry. After slurry removal, the
printed structures were subcutaneously implanted
into rats. The implanted samples were extracted
at 2, 4, 8, and 12 months with the subsequent
study on their mechanical properties, evaluation
of cell infiltration, and determination of levels of
specific inflation markers expression. The profile
of stress-strain curves of the bioprinted aortic
heart valve scaffolds indicated that scaffolds have
transitioned through phases of resorption, synthesis,
stabilization, ultimately, and remodeling.

At the resorption stage (2 — 4 weeks), the
mechanical properties of implanted scaffolds were
reduced. Moreover, the increased expression of
CD3 biomarker from acute inflammation was also
noted during this period.

At the synthesis stage (4 — 8 weeks), the
mechanical properties of implanted scaffolds

began to increase. Gross encapsulation of the
implanted scaffold, which additionally indicates
an inflammatory reaction, was also noted.The
concentration of CD3 biomarker (that is an
indication of an inflammatory process) was reduced
compared with the first stage. However, the gross
encapsulation of the implanted scaffold shows that
the inflammation process is still presented.

At the stabilizing stage (8 — 12 weeks), peak
values of elastin, vimentin, and alpha-SMA
production were noted. This indicates the active
deposition of collagen by infiltrated cells and the
strengthening of the extracellular matrix in the
bioprinted scaffold. However, compared with the
previous stage, there was no significant increase in
the mechanical properties of the implanted material.

This work of Maxson et al. is of particular
interest due to the demonstrated recellularization
potential of a bioprinted aortic heart valve scaffold
from a highly concentrated type 1 collagen
hydrogel. Furthermore, an increased level of the
CD3 marker expression in experimental animals
may be associated with the presence of residual
gelatin from FRESH slurry and allogeneic rat cells
in the construct.

Despite concerns of inducing a systemic
immune response, it is worth noting that the
indisputable advantage of FRESH technology is
the ability to 3D print the human heart components
at various scales from capillaries to the full organ
with a high degree of accuracy. For example,
Lee et al."™ have printed a simplified model of a
small coronary artery—scale linear tube from COL
for perfusion with a custom-designed pulsatile
perfusion system. The linear tube had an inner
diameter of 1.4 mm and a wall thickness of ~300
um. C2C12 cells within a collagen gel were cast
around the printed collagen tube. Only in case of
active perfusion through the collagen structure,
cells remained alive in their entirety. Next, they
printed the left ventricle of the heart using human
stem cell-derived cardiomyocytes. The ventricle
was designed as an ellipsoidal shell with inner
and outer walls of collagen and a central core
region which contained cells. Cardiac ventricles
printed with human cardiomyocytes showed
synchronized contractions, directional action
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potential propagation, and wall thickening of up
to 14% during peak systole.

Summarizing the above, the datal'*!! have
demonstrated the effectiveness of the use of
highly concentrated type I collagen hydrogel as a
main material of bioinks for cardiovascular tissue
regeneration.

3.4 Liver

A variety of 3D printing techniques are used for
liver tissue engineering®®®. The general purpose
of such works, along with a recreation of a
complex microarchitecture and cell diversity, is a
development of sustainable in vitro models of the
liver for drug testing and pathology study.

As an example, Shim et al.*” have successfully
developed a hybrid scaffold consisting of PCL and
MC3T3-El-laden collagen hydrogel. The scaffold
was prepared using a multi-head deposition
system, followed by primary hepatocyte seeding
to create a patterned 3D coculture. In the proposed
method, a tough supporting PCL construct was
used to maintain the specific 3D form of the
printed structure. However, it should be noted
that the mechanical properties of such structures
differ from the mechanical properties of the
liver tissues significantly, and the problem of the
printed structure stabilization for a long-term in
vitro cell cultivation remains open. To solve this
problem, Mazzocchi et al.*® have proposed to use
a mixture of methacrylated type-I collagen and
hyaluronic acid as a structural basis for bioink.
Into this mixture, they introduced primary human
hepatocytes. After that, the resulting structure was
crosslinked using UV irradiation. The printed cell-
laden constructs wereincubated ina culture medium
for 15 days. The functionality of hepatocytes was
evaluated on the 6" day of cultivation by exposure
constructs to acetaminophen (APAP) and hepatic
toxicant. Levels of cell expression of albumin,
urea, and lactic acid dehydrogenase (LDH)
into the culture medium were also evaluated.
A pronounced decrease in the levels of albumin
and urea expression was found on the 9" day
of cultivation in the APAP treated group. This
reduction continued until day 15. In contrast
with the untreated group, these parameters were

stable during the whole period of cultivation.
Levels of alpha-glutathione S-transferases and
detoxification protein increased at day 9 (3 days
after APAP addition) but subsequently decreased
by day 12, which was more likely due to cell death.
APAP treated constructs demonstrated decreasing
LDH activity, again, likely due to toxicity related
cell death. Untreated conditions maintained steady
LDH levels.

3.5 Nervous system models and regeneration

Collagen, as a material, is widely used in nerve
regeneration®>*, The neurite growth is more
pronounced in collagen hydrogels, prepared
using mildly concentrated collagen solutions!*!'4%,
Therefore, such collagen solutions are used for
3D printing more often!***!in this field of tissue
engineering, whereas there are only few studies
that report the use of highly concentrated collagen
solution[®l,

In 2009, Lee et al.** have proposed a direct cell
printing technique to pattern neural cells in a 3D
multilayered collagen hydrogel. First, they printed
a layer of collagen hydrogel to create a scaffold for
cells. Next, rat embryonic neurons and astrocytes
were printed onto the existing layer. The process
was repeated layer-by-layer to create 3D cell
hydrogel composites. This study demonstrated the
ability of microvalve printing to create a pattern of
various cells in a single construct.

In another work*, microvalve printing was
used to create a layered 3D neural stem cell
(NSC)-laden hydrogel collagen construct. Next to
collagen hydrogel, a thrombin crosslinked fibrin
gel was printed. The fibrin gel acted as a depo
releasing the vascular endothelial growth factor
(VEGF) for 3 days. Cells in the collagen construct
migrated to the VEGF-releasing fibrin gel. During
the experiment, the increased proliferation and
increased branched morphology with neurite
projections were observed. In control samples,
cells did not show any signs of proliferation or
migration (where fibrin without VEGF or VEGF
was printed directly into collagen).

Chen et al*! have created 3D bioprinted
collagen-heparin sulfate scaffolds. To promote
axonal regeneration and functional recovery
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Table 1. Collagen-based bioinks for different tissue-engineering applications.

Bioink Cross-link Supportive In vitro Bioprinting Ref.
Materials Cells Scaffold /In vivo technology
Skin
Collagen I type HEK and HDF pH and - Both Extrusion-based  [12]
temperature bioprinting
Collagen I type NIH 3T3 and HaCaT  pH and Matriderm  In vitro Laser-assisted [23]
temperature bioprinting
Collagen I type NIH 3T3 and HaCaT  pH and Matriderm  Both Laser-assisted [24]
temperature biopriting
Collagen I type and HEM, HaCaT, and pH and - Both Extrusion-based  [25]
GelMa HDF temperature bioprinting
Collagen I type and AFSCs and MSCs Thrombin - In vivo Ink-jet in situ [26]
fibrin bioprinting
Collagen I type and dermal fibroblasts and  Thrombin - In vivo Ink-jet in situ [27]
fibrin epidermal keratinocytes bioprinting
Bone and cartilage
Collagen I type and MC3T3-El and hASCs Genipin - In vitro Extrusion-based  [28]
B-TCP bioprinting
Collagen I type MC3T3-El Tannic cid a-TCP/ In vitro Extrusion-based  [29]
collagen bioprinting
Collagen I type fibrochondrocytes pH and - In vitro Extrusion-based  [20]
temperature bioprinting
Collagen I type hTMSCs pH and PCL Both Extrusion-based  [33]
temperature bioprinting
Collagen I type and chondrocytes CaCl2 - In vitro Extrusion-based  [34]
alginate bioprinting
Cardiovascular tissues
Collagen I type MSCs pH and FRESH Invivo Extrusion-based  [14]
temperature bioprinting
Collagen I type C2C12 and hESC-CMs pH and FRESH In vitro Extrusion-based  [15]
temperature bioprinting
Liver tissues
Collagen I type MC3T3-El pH and PCL In vitro Extrusion-based  [37]
temperature bioprinting
Methacrylated collagen ~ hepatocytes UV light - In vitro Extrusion-based  [38]
type I and hyaluronic acid bioprinting
Nervous system
Collagen I type neurons and astrocytes®* pH and - In vitro Microvalve [43]
temperature printing
Collagen I type C17.2%* pH and - In vitro Microvalve [44]
temperature printing
Collagen I type and NSCs* UV light - Both Extrusion-based  [45]
heparin sulfate bioprinting
Cornea
Methacrylated collagen hCSKs CaCl2 FRESH In vitro Extrusion-based  [47]
type I and alginate bioprinting
Collagen I type and hCSKs pH and - In vitro Electromagnetic  [48]
agarose temperature microvalve
bioprinting

*In this study, cells were not a part of a bioink—hey were seeded onto the surface of the 3D printed scaffold. HEK: Human epidermal keratinocytes; HDF: Human dermal
fibroblasts; AFSC: Amniotic fluid-derived stem cells; MSCs: Mesenchymal stromal cells; hTMSCs: Human turbinate-derived mesenchymal stromal cells; NSC: Neural stem
cell; UV: Ultraviolet; a-TCP: a-tricalcium phosphate; PCL: Polycaprolactone; FRESH: Freeform reversible embedding of suspended hydrogels
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from spinal cord injury, they cultivated NSC
on the surface of scaffolds. Next, scaffolds
were implanted into transsection lesions in T10
of the spinal cord in rats. Two months after, a
significant recovery of locomotor functions was
observed.

3.6 Cornea

Cornea bioprinting is one of the new approaches
in tissue engineering*®. The extracellular matrix
of the native cornea consists of almost 90% of I
type collagen. This is why bioinks for artificial
cornea also must contain collagen. The bioprinting
of cornea through the extrusion method allows
controlling the thickness and geometrical
properties of a printed structure. For example,
Isaacson et al.*”) have printed a corneal like cell-
laden structure. As a bioink, they used a mixture
of SA and methacrylated type I collagen with
encapsulated corneal keratocytes. Cell survival in
the printed structures during 7-day cultivation was
at a high level. Similar results on cell survival were
obtained in AG, collagen, and corneal stromal
keratocytes bioinks*®!,

These studies show that it will be possible to
create an artificial cornea in the future. However,
in vitro experiments do not give sufficient
information for it. For this case, more studies that
imply 3D bioprinting of different versions of the
artificial cornea will have to be tested in vivo.

4 Concluding remarks and future perspectives

For the last few years, there was significant
progress in 3D bioprinting and adaptation of
collagen solutions to the needs of this technology.
Without any doubt, the combination of collagen-
based bioink and 3D bioprinting has great potential
in the manufacture of artificial organs and tissues
for tissue engineering and regenerative medicine.
Table 1 provides a list of existing variants of
collagen-based bioinks that could be used for
such purposes. However, the development in this
direction is very slow. It is mostly connected with
the absence of easily-accessible collagen bioinks
which would correspond to requirements of the
“perfect” bioink. The applicability of collagen for

3D bioprinting depends on collagen concentration
in a solution. Only high concentrations of collagen
(more than 20 mg/ml) in single-component
collagen bioinks allow increasing the accuracy
of printing. At present, there are only a few
commercially available concentrated collagen
bioinks — Lifeink® (35 mg/ml, Advanced
Biomatrix, USA) and Viscoll® (80 mg/ml, Imtek,
Russia). One of the distinctive characteristics of
these bioinks is the possibility to add not only cells
but also any components of the extracellular matrix
to their composition. This allows to bioprint an
artificial cell-laden matrix, which can be required
by a researcher to solve a specific problem.

Despite the absence of sufficient data on the
behavior of mammalian cells in dense collagen
hydrogels, a large number of scientists are
concerned that cells will inevitably collapse in
dense collagen hydrogels during cultivation.
However, primary tests!'”) have debunked those
concerns. It was found that fibroblasts retain their
high viability in high-density collagen gels (up to
40 mg/ml). These results lead the way to some new
studies devoted to the behavior of cells in high-
density collagen hydrogels, their proliferation and
migration activity, differentiation, functionality
retention, as well as the creation of various
scaffolds using 3D printing technology with their
subsequent colonization with cells in various
fields of tissue engineering.
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